Dopamine release in the nucleus accumbens (NAc) has been implicated as mediating the rewarding effects of stimulant drugs; however, recent studies suggest that 5-HT release may also contribute. In an effort to assess the role of 5-HT in drug-mediated reward, this study analyzed the serotonergic innervation of NAc using immunocytochemistry for 5-HT and the 5-HT transporter (SERT). We report that in control rats the NAc receives two distinct types of 5-HT axons that differ in regional distribution, morphology, and SERT expression. Most regions of the NAc are innervated by thin 5-HT axons that express SERT, but in the caudal NAc shell nearly all 5-HT axons lack SERT and have large spherical varicosities. Two weeks after methamphetamine or p-chloroamphetamine (PCA) treatment, most 5-HT axons in dorsal striatum and NAc have degenerated; however, the varicose axons in the shell appear intact. These drug-resistant 5-HT axons that lack SERT densely innervate the caudal one-third of the accumbens shell, the same location where dopamine axons are spared after methamphetamine. Moreover, 4 hr after PCA, the varicose axons in the caudal shell retain prominent stores of 5-HT, whereas 5-HT axons in the rest of the NAc are depleted of neurotransmitter. The results demonstrate that two functionally different 5-HT projections innervate separate regions of the NAc and that selective vulnerability to amphetamines may result from differential expression of SERT. We postulate that action potentials conducted from the raphe nuclei can release 5-HT throughout the NAc, whereas transporter-mediated release induced by stimulant drugs is more restricted and unlikely to occur in the caudal NAc shell.
The nucleus accumbens (NAc) is the limbic portion of the striatum with abundant afferent and efferent connections to limbicrelated areas of the brain (Heimer et al., 1991; Brog et al., 1993) and has long been considered the principal site of action for addictive drugs. Based on the regional distribution of neuropeptides, the NAc has been divided into two subdivisions, a central core region that surrounds the anterior commissure and a more ventromedial shell region that partially encases the core (Zaborszky et al., 1985; Voorn et al., 1989; Jongen-Relo et al., 1993 Meredith et al., 1996) . Functional heterogeneity exists among the NAc subdivisions because projections from the shell are directed primarily to limbic structures, whereas the core projects to typical motor-related regions of basal ganglia (Heimer et al., 1991) . Drug-induced release of dopamine (DA) in the NAc is associated with the rewarding effects of psychostimulants such as methamphetamine (Meth) and cocaine, which act at the DA transporter (DATr) (Pontieri et al., 1995; Wise, 1996; Caine, 1998; Koob et al., 1998) . DA axons that arise predominantly from the ventral tegmental area (Swanson, 1982; Brog et al., 1993) densely innervate the NAc, which also receives a serotonergic (5-HT) innervation that has not been well characterized. Recently, transgenic mice lacking the DATr were found to selfadminister cocaine, a surprising result that challenges the DA hypothesis of addiction and leads to the interpretation that 5-HT neurons may contribute to the rewarding effects of stimulant drugs (Rocha et al., 1998) .
Methamphetamine and other abused drugs produce increased levels of extracellular DA in the NAc (Carboni et al., 1989; Pontieri et al., 1995) via transporter-mediated release. Meth binds to the DATr and blocks reuptake of DA and promotes reverse transport of DA across the DATr (Sulzer et al., 1993) . Meth can also enter the DA terminal and release DA from synaptic vesicles into the cytoplasm by disrupting the vesicular proton gradient (Sulzer and Rayport, 1990; Sulzer et al., 1995; Jones et al., 1998) . Released extracellular DA produces electrophysiological changes in striatal neurons that result in reinforcing or pleasurable drug effects. In addition to inducing "desired" recreational effects, amphetamine derivatives are neurotoxic to monoamine axons. For example, Meth causes degeneration of axon terminals in the striatum and NAc (Ricaurte et al., 1982) , accompanied by decreased DA markers (Ricaurte et al., 1980) . Reduced levels of striatal DA together with swollen, fragmentated axons were evident 2-3 d after repeated administration of Meth at high doses (Eisch et al., 1992; Broening et al., 1997) . DA axons exhibited differential vulnerability to Meth, because axons within the dorsal striatum and the NAc core degenerated, whereas those in the NAc shell were selectively spared (Broening et al., 1997) . In addition to effects on DA projections, Meth and other amphetamine derivatives also release 5-HT, followed by degeneration of 5-HT axons throughout cerebral cortex, hippocampus, and striatum (O'Hearn et al., 1988; Molliver et al., 1990; Axt and Molliver, 1991; Mamounas et al., 1991) . Two different 5-HT axon types can be distinguished (Kosofsky and Molliver, 1987) , and amphetamine toxicity is highly selective for one subtype, namely thin, smooth 5-HT axons, whereas axons with large varicosities are spared (O'Hearn et al., 1988; Axt and Molliver, 1991; Mamounas et al., 1991) . The consistent, differential vulnerability to substituted amphetamines suggests that 5-HT axons may express properties that determine which are vulnerable or resistant. The 5-HT transporter (SERT) plays a critical role in mediating the neurotoxicity, because blockade of SERT protects against amphetamine-induced axonal damage (Schmidt and Gibb, 1985; Fuller and Snoddy, 1986; Schmidt and Taylor, 1990) . To clarify the role of 5-HT in the neurotoxic and addictive effects of amphetamines, the present study characterized the serotonergic innervation of the NAc in terms of the distribution and morphology of 5-HT axons, SERT expression, and vulnerability to amphetamine derivatives.
MATERIALS AND METHODS
Animals. Male Sprague Dawley rats (250 -350 gm; Harlan Sprague Dawley, Indianapolis, I N) were used in all experiments. For the neurotoxicity studies, 12 animals were treated with saline, 12 with Meth, and 12 with PCA. To study acute 5-HT depletion (4 hr survival), 8 rats received saline and 8 received PCA. Animals were housed individually in wire mesh cages within a temperature-controlled room (22-24°C) on a 12 hr light /dark cycle.
Drug treatment. Methamphetamine (Sigma, St. L ouis, MO) or p-chloroamphetamine (Regis Chemical Company, Morton Grove, IL) was dissolved in saline and administered according to the following schedules (as free base): Meth, 4 ϫ 20 mg / kg, i.p., every 2 hr; PCA, 2 ϫ 10 mg / kg, i.p., 24 hr apart. Control animals were injected with saline (0.9% NaC l). The treated animals demonstrated typical amphetamineinduced responses (hyperactivity and stereotypy). Meth administration produced hyperthermia that is associated with (and necessary for) dopamine toxicity. After Meth treatment, core body temperature was monitored by radiotelemetry (Data Sciences International) and typically increased from 37-38°C to 40 -41°C. Because sustained body temperatures of Ͼ41°C usually proved lethal, ambient room temperature was maintained between 22 and 24°C to keep core temperature Ͻ41°C and to reduce lethality. This approach resulted in reproducible lesions of DA and 5-HT axons, with ϳ17% lethality after Meth (2 of 12 animals) and zero lethality after PCA.
Fi xation and tissue preparation. T wo weeks (or 4 hr) after drug treatment, animals were anesthetized with sodium pentobarbital (20 mg / kg, i.p.) and transcardially perf used with 150 ml of PBS, followed by 450 ml of 4% paraformaldehyde in PBS, pH 7.4. Whole brains were post-fixed for 5 hr in 4% paraformaldehyde and then cryoprotected overnight in 10% DMSO in PBS. Coronal or horizontal sections through the striatum were cut at 40 m on a freezing-sliding microtome and stored in PBS at 4°C.
Immunohistochemistr y. A series of adjacent sections from each brain were processed for immunohistochemistry, using antisera directed against 5-HT, tyrosine hydroxylase (DiaSorin Inc., Stillwater, M N); SERT [vs rat N terminus/glutathione S-transferase (GST) f usion protein, amino acids 1-85; catalog #M AB1564], or DATr (N terminus/GST f usion protein, catalog #M AB369) (both from Chemicon International, Temecula, CA). Freely floating sections were incubated for 1 hr at room temperature in a solution of PBS containing Blotto (Pierce, Rockford, IL) with 0.2% Triton X-100 (Pierce) and 2% normal goat (5-HT) or normal horse (SERT) serum (Vector Laboratories, Burlingame, CA). Sections were then incubated overnight in primary antisera for 5-HT (1:20,000), tyrosine hydroxylase (1:8,000), SERT (1:10,000), or DATr (1:20,000) diluted in the same blocking solution. The primary antibodies were visualized using Vectastain ABC elite reagents (Vector Laboratories) and 3,3Ј-diaminobenzidine (Sigma). The transporter antibodies were previously characterized for specificity. The anti-DATr stained a single band on Western blot at 60 -70 kDa, and immunocytochemical staining was abolished after ablation of DA projections with 6-hydroxydopamine. Specificity for the SERT antibody was well documented in a previous report using Western blots and other controls (Schroeter et al., 1997) . Immunostaining for SERT selectively labels raphe neurons and their projections with no labeling of neurons in locus coeruleus or substantia nigra. The distribution of staining precisely matched that obtained with several other well characterized SERT antibodies from different sources.
Data anal ysis and microscopy. A series of sections through all levels of striatum were examined, and selected sections at three distinct levels through the nucleus accumbens were analyzed (corresponding approximately to interaural 11.7, 11.2, and 10.0 mm) using a Leica (Nussloch, Germany) DMRB/ E microscope equipped for bright-field differential interference contrast (DIC) and dark-field illumination. Highmagnification photomicrographs were made with a Leica DMLD camera, and low-magnification micrographs made with a Wild / Leica M420 Macroscope. Brain levels and anatomic landmarks were determined by matching sections to stereotaxic atlas levels (Paxinos and Watson, 1998; Swanson, 1998) .
RESULTS

5-HT innervation of forebrain
To assess the general pattern of 5-HT innervation, coronal forebrain sections of control rats prepared for immunocytochemistry (ICC) with an antibody to 5-HT were examined with dark-field illumination at low magnification. Comparison of 5-HT immunostained sections with adjacent sections prepared to demonstrate the SERT showed that 5-HT axons densely innervated the entire forebrain with local differences in axon density that matched the regional pattern of 5-HT innervation previously described (Steinbusch, 1981; Steinbusch et al., 1981; O'Hearn et al., 1988; Mamounas et al., 1991) . For example, 5-HT axons extended through all regions of cerebral cortex in the rat with a gradient of axon density that decreases from frontal to occipital pole (Lidov et al., 1980; Steinbusch, 1981; Blue et al., 1988; Hornung et al., 1990; Mamounas et al., 1991) . A moderately dense plexus of 5-HT axons was present throughout the striatum with some regional differences in density (Steinbusch, 1981; O'Hearn et al., 1988) , but the striatal 5-HT innervation pattern has not previously been characterized in detail.
Throughout cerebral cortex, the regional distribution of axons that express SERT is similar to that of axons that are immunopositive for 5-HT, as described previously (Axt et al., 1995) . Subtle differences between the relative densities of 5-HT and of SERT immunostaining could be detected in particular cortical regions (e.g., in hippocampus and entorhinal cortex) and agree with differences in innervation pattern that have been observed (K. Axt, Y. Qian, R. Blakely, and M. Molliver, unpublished observations) . SERT-positive axons in the striatum exhibit regional differences in distribution that are described in more detail below.
5-HT-immunoreactive axons in dorsal striatum and nucleus accumbens
The dorsal striatum received an extensive, dense innervation by 5-HT-IR axons, which are tortuous and of consistent morphology. Nearly all 5-HT axons in the caudate-putamen were smooth and uniformly thin in caliber (0.3 m), as seen with bright-field microscopy using DIC.
The NAc shell and core were readily delineated with an antibody to calbindin (data not shown), as described previously (Jongen-Relo et al., 1994; Mijnster et al., 1997) . In sections prepared for 5-HT ICC at several levels ( Fig. 1) , both the NAc core and shell are densely innervated by serotonergic projections and stand out prominently because the 5-HT axon density in both accumbens subdivisions is greater than in dorsal striatum (Fig.  2 A) . Furthermore, within the nucleus accumbens, the shell contains a higher density of 5-HT axons than does the core, a difference particularly evident in caudal regions of NAc (interaural 10.0 mm). In addition, the density of 5-HT innervation in the caudal one-third of the shell is considerably greater than in the rostral two-thirds. High-magnification bright-field microscopy (DIC) demonstrated that most 5-HT-IR axons in the caudal NAc shell had large, spherical varicosities (1.5-2 m) (Fig. 3A,D) , and these were interspersed with a much smaller number of thin, smooth axons. Prominent differences in axon morphology distinguished the core and shell compartments: the NAc core is innervated exclusively by thin (0.3 m), smooth axons, which contrast with the larger-diameter, highly varicose 5-HT axons (0.5 m intervaricose segments) that predominate in the caudal shell. The most common axon types differ between the rostral and caudal shell because the rostral shell is innervated predominantly by thin, smooth 5-HT axons and receives few varicose axons. The thin 5-HT axons found in the NAc core appear morphologically identical to those that innervate the dorsal striatum.
SERT-immunoreactive axons in dorsal striatum and nucleus accumbens
Numerous axons that express SERT-IR densely innervated the entire dorsal striatum. These axons, which are thin, smooth, and tortuous, have the same morphology and density as the serotonergic axons (5-HT-IR) in dorsal striatum. SERT-IR axons were also present throughout the NAc in control rats ( Fig. 2 D) ; however, their distribution differed markedly from that of 5-HT-IR axons seen in adjacent sections. The NAc core, which surrounds the anterior commissure, contains a high density of axons that are positive for SERT, and these correspond to the densely packed 5-HT-IR axons that innervate this region. In contrast, relatively few axons in the caudal NAc shell express the serotonin transporter; as a result, in sections stained for SERT the shell subdivison appeared as a sparsely stained zone, which occupied the medial part of the nucleus accumbens (Fig. 2 D) . The paucity of SERT-IR axons in the caudal NAc shell contrasted with the high density of 5-HT-IR axons in this region; this difference indicates that most 5-HT axons in the caudal shell lack the 5-HT transporter. When examined with high-magnification DIC optics, all SERT-IR axons (Fig. 3E ,H ) were characteristically thin and smooth, and they lacked large varicosities. These SERT-positive, nonvaricose axons were located mainly in the NAc core (with some in the shell), and their morphology was distinct from the large, varicose axons in the caudal shell, which express 5-HT but not SERT (Fig. 3A,D) .
Effect of methamphetamine on the serotonergic innervation of the NAc
Fourteen days after Meth treatment, 5-HT axon density was greatly reduced throughout the forebrain, including most of cerebral cortex, dorsal striatum, and the lateral part of the nucleus accumbens. In the NAc core, 5-HT-IR axons were almost completely absent; however, most 5-HT axon terminals in the caudal NAc shell were spared. In sections immunostained for 5-HT, the accumbens core and the adjacent dorsal striatum were pale and unstained ( Fig. 2 B) . In contrast, 5-HT-positive axons remained intact in the caudal accumbens shell, where they formed a prominent zone of densely packed 5-HT-IR axons (Fig. 2 B) . The density of 5-HT axons in the caudal shell appeared slightly decreased compared with the density in control rats. Axon sparing was most prominent in the medial portion of the shell, because the ventrolateral extension of the shell, which curves laterally under the NAc core, revealed a moderate decrease in 5-HT axons.
In adjacent sections that showed serotonin transporter protein, no SERT-IR axons were detectable in the NAc core or shell after Meth (Fig. 2 E) . The entire dorsal striatum, in addition to both subdivisions of the accumbens, were devoid of SERT-IR axons. The lack of staining for the 5-HT transporter in the NAc shell, despite the presence of numerous 5-HT-IR varicose axons remaining in this region, indicates that the Meth-resistant axons do not express SERT. The slightly decreased number of 5-HT axons in the caudal shell results from loss of the few thin, SERT-IR axons located in that division.
Using high-magnification bright-field microscopy (DIC), the spared 5-HT-IR axons present in the NAc shell were characterized by large spherical varicosities, identical to 5-HT axons in the shell of control animals (Fig. 3B) . The absence of transporter protein among these spared, varicose axons confirmed the lack of SERT-IR in the shell (Fig. 3F ) . Examples of smooth, thin 5-HT-IR axons could not be detected either in the shell or core of Figure 1 . Drawings of three coronal levels through nucleus accumbens and dorsal striatum. Line drawings show the rostral pole (interaural 11.7 mm), intermediate division (interaural 11.2 mm), and caudal (interaural 10.0 mm) division of the nucleus accumbens, where the serotonergic innervation was analyzed in this study (from Paxinos and Watson, 1998) . ac, Anterior commissure; AcC, nucleus accumbens core; AcS, nucleus accumbens shell; DStr, dorsal striatum.
NAc or in the dorsal striatum, suggesting that the fine 5-HT axons (which normally express SERT) had been almost totally ablated by Meth.
Dopamine innervation
In addition to the loss of 5-HT innervation, rats treated with Meth exhibited a decrease in markers for DA axons in the striatum. The density of immunostaining for tyrosine hydroxylase (TH) and for the DATr was substantially diminished in the dorsal striatum 2 weeks after Meth (Fig. 4) . The loss of DA axons was greatest in the central portion of the dorsal striatum and extended ventrally to include the core of the accumbens. Spared TH-IR axons (and DATr) remained along the dorsal rim of the striatum (the "subcallosal streak") and in small patches within the dorsal extent of the caudate-putamen (Fig. 4 B) . The most prominent zone of In control animals the 5-HT axons in NAc core and dorsal striatum express SERT, whereas most axons in the caudal shell are SERT-negative. After treatment with either drug, 5-HT axons in the core and dorsal striatum are ablated, whereas those in the shell are spared, demonstrating that SERT-negative axons are selectively resistant to amphetamine neurotoxicity. Drug-treated animals were killed 14 d after treatment, and sections were processed for immunocytochemistry. A, D, Saline-treated; B, E, Meth-treated; C, F, PCA-treated. Scale bar, 300 m. ac, Anterior commissure; AcC, nucleus accumbens core; AcS, nucleus accumbens shell; DStr, dorsal striatum. (Note: "dorsal striatum" in the rat refers to the caudate-putamen complex as distinct from ventral striatum.) spared TH-IR axons was consistently found in the NAc shell, particularly in the medial portion of the shell that underlies the lateral ventricle and bulges medially into the septum. The zone of DA axon sparing continued into the ventral portion of the NAc shell, which extends ventrolaterally beneath the NAc core. Spared axons in the shell that were immunopositive for the DATr (Fig.  4 D) had the same compartmental distribution as the spared TH-IR axons, although there appeared to be a partial decrease in the density of surviving axons that express the DATr. However, in sections of 40 m, it was difficult to detect a loss of DA axons, because the spared axons are heavily stained and of high density.
Comparison of DA and 5-HT innervation
After Meth or PCA treatment, a comparison was made of the extent of the accumbens shell that contained surviving 5-HT or DA axons, using antisera to 5-HT or TH, respectively (Figs. 2, 4) . The regions of the NAc shell that contained numerous spared DA or 5-HT axons were coextensive, particularly in the caudomedial part of the shell. The lateral extension of the shell (under the NAc core) exhibited less sparing of 5-HT than of DA axons (Fig. 2 B vs  4 B) . More anteriorly, spared DA axons extended further forward into the rostral pole of the NAc than did 5-HT axons. The portion of the NAc densely innervated by drug-resistant 5-HT axons is a discrete, well circumscribed area in the caudal one-third of the shell, where it overlaps the region containing spared DA axons. The localization of drug-resistant 5-HT-IR axons was most clearly delineated in horizontal sections at the level of the NAc shell. After PCA treatment, surviving 5-HT axons were restricted to this area of the shell, 0.8 mm in length, which is located medial to the NAc core and rostral limb of the anterior commissure, and lies anterior to the bed nucleus of the stria terminalis and the decussation of the anterior commissure (Fig. 5) . The zone of spared axons was bounded laterally by the inferior portion of the lateral ventricle and medially by the prominent "island of Calleja magna," the major island of this cell group (Fig. 5B) . For comparison with other studies, this region of the caudal shell has been Figure 4 . Vulnerability of dopamine axons in striatum and nucleus accumbens to methamphetamine toxicity. Bright-field images show the effect of Meth (4 ϫ 20 mg/kg) on TH-IR and DATr-IR axon terminals in dorsal striatum and nucleus accumbens. After Meth treatment, TH-IR is considerably reduced in midstriatum and in the NAc core ( B), reflecting DA axonal degeneration (asterisk), whereas in the NAc shell most DA axons are spared (arrowhead). DATr-IR axons ( D) showed a similar pattern of axonal degeneration. The location of spared DA axons at this level of the NAc shell (arrow) matches that of drug-resistant 5-HT axons (see Fig. 2 B,C) . Drug-treated animals were killed 14 d after treatment, and striatal sections were processed for immunohistochemistry. A, C, Saline-treated control; B, D, Meth-treated. Scale bar, 700 m. Figure 5 . PCA-resistant 5-HT axons have a highly restricted localization in the caudal NAc shell. Low-magnification dark-field images show the distribution of drug-resistant varicose 5-HT-IR (SERT-negative) axon terminals in rat brain after PCA (2 ϫ 10 mg/kg) treatment. Note the dense, restricted innervation by spared 5-HT-IR axons in the caudal NAc shell, as in dentate gyrus and entorhinal cortex ( A). Higher magnification ( B) reveals that the spared 5-HT axons in the caudal shell are situated between the lateral ventricle (laterally) and the island of Calleja magna (medially). Animals were killed 14 d after PCA treatment, and horizontal sections at the level of the NAc shell were processed for 5-HT immunocytochemistry. Scale bars: A, 2.0 mm; B, 600 m. ac, Anterior commissure; AcS-C, caudal nucleus accumbens shell; AcS-R, rostral nucleus accumbens shell; DG, dentate gyrus; ICM, island of Calleja magna; lec, lateral entorhinal cortex; LV, lateral ventricle.
termed the "septal pole" of the accumbens or the "cone region" (Voorn et al., 1986; Meredith et al., 1992; Zahm and Brog, 1992; Brog et al., 1993; Heimer et al., 1995) .
Effect of PCA on the serotonergic innervation of the NAc
PCA produced no change in DA innervation (data not shown), but there was an extensive loss of 5-HT axons throughout the forebrain with a pattern of denervation similar to that found after methamphetamine. Fourteen days after PCA treatment (2 ϫ 10 mg/kg), there was a marked loss of 5-HT axons throughout the dorsal striatum extending ventrally to include the core of the accumbens (Fig. 2C) . In coronal sections through the striatum, the NAc core was pale and contained very few surviving 5-HT-IR axons. In contrast to the core, the medial part of the accumbens shell remained intensely immunostained for 5-HT, reflecting the survival of most 5-HT axons, which occupied a densely packed zone in the shell (Fig. 2C) . The density of spared 5-HT-IR axons in the shell was indistinguishable from that in control rats. The ventrolateral portion of the shell, which extends under the core and anterior commissure, revealed a decrease in density of 5-HT-IR axons. Using high-magnification DIC microscopy, the spared 5-HT-IR axons in the caudal NAc shell (PCA-resistant) were characterized by large, spherical varicosities (Fig. 3C) , identical to the 5-HT axons observed in the shell of control and of Meth-treated animals (Fig. 3A,B) . No spared 5-HT-IR axons of the thin, smooth type could be found anywhere in the dorsal striatum or in the accumbens after PCA treatment.
In sections that were processed to detect the 5-HT transporter after PCA, no SERT-IR axons could be found in the dorsal striatum, the NAc core, or the shell (Fig. 2 F) . Just as after Meth treatment, the entire striatum including the nucleus accumbens was completely devoid of SERT-IR axons, and the loss of axons that express SERT (Fig. 3G ) was confirmed with highmagnification DIC microscopy. Accordingly, the PCA-resistant, varicose 5-HT-IR axons that remain in the NAc shell did not express SERT. All of the SERT-positive axons normally present in the striatum are highly vulnerable to PCA and undergo degeneration. The PCA-sensitive axons include all fine axons that innervate the dorsal striatum and the NAc core in addition to the small number of fine SERT-IR axons that are interspersed with more numerous varicose axons in the shell of NAc (Fig. 3E) .
PCA-induced acute 5-HT depletion in the NAc
Based on previous results demonstrating that PCA produces acute release of 5-HT from axon terminals, leading to depletion of the transmitter before degeneration occurs , tissue sections were obtained 4 hr after PCA to determine whether there was differential release of 5-HT from NAc core or shell. Four hours after a single injection of PCA (1 ϫ 10 mg/kg), most axons in the dorsal striatum and the NAc core were no longer immunoreactive for 5-HT, indicating that they were depleted of neurotransmitter (Fig. 6) . However, at the same survival time, the caudal NAc shell exhibited intense 5-HT-IR staining (Fig. 6 B) , and numerous varicose axons in the shell were immunopositive for 5-HT. Adjacent sections for SERT-IR demonstrated that, at this early time point, a normal density of SERT-IR axons remained in core and dorsal striatum, and no signs of axonal loss or degeneration had yet appeared. This material confirmed that 4 hr after PCA, the SERT-IR axons in dorsal striatum and NAc core remained structurally intact (Fig. 6 D) . This experimental result shows that the PCA-resistant, varicose 5-HT axon terminals in the shell are not acutely depleted of 5-HT and suggests that they may not even release 5-HT in response to PCA treatment. In contrast, the transporter-positive (SERT-IR) terminals (in core) were intact, although depleted of 5-HT, confirming that PCA-induced release is dependent on SERT expression.
5-HT innervation along the anteroposterior axis of the NAc and effects of Meth or PCA on axon survival
The nucleus accumbens can be divided into at least three rostrocaudal levels that may have different connections, functional properties, and drug responses. In addition to the caudal level described above, we have examined 5-HT innervation and the response to amphetamines in an intermediate portion and at the rostral pole. In saline-treated controls, thin serotonergic axons (5-HT-IR) (Figs. 7A, 8A) were present along the entire rostrocaudal axis of the NAc, and most of these expressed SERT (Figs.  7D, 8D ). Both Meth and PCA administration caused extensive loss of 5-HT axons in the NAc. In the rostral pole and intermediate portion of the NAc, the density of both 5-HT-IR (Figs. 7B,C, 8B,C) and SERT-IR (Figs. 7E,F, 8E,F ) axons was markedly reduced by either drug. After drug treatment, a small number of varicose 5-HT-IR axons remained in the rostral NAc, whereas no SERT-IR axons survived. This result demonstrated that the 5-HT innervation to the rostral two-thirds of NAc consisted primarily of thin, smooth SERT-IR axons that are drugsensitive. In contrast, the caudal NAc shell received the most dense 5-HT innervation, consisting primarily of varicose 5-HT axons that are SERT-negative (Fig. 2 A) in addition to a small number of fine SERT-positive, 5-HT axons. As described above, the varicose, SERT-negative axons were resistant to both Meth (Fig. 2 B) and PCA (Fig. 2C ) and appeared to be unaffected by either drug.
DISCUSSION
Certain 5-HT axons in the CNS exhibit selective vulnerability to the neurotoxic effects of several amphetamine derivatives (Molliver et al., 1990 ). The present study analyzed regional amphetamine toxicity in the NAc to determine the distribution of degenerating 5-HT axons and whether axonal vulnerability may be related to differential expression of the serotonin transporter. The results demonstrate that the NAc is innervated by two types of 5-HT axons that (1) have distinct morphological features, (2) are differentially distributed within the shell and core of the NAc, (3) differ markedly in expression of the serotonin transporter, and (4) differ in vulnerability to amphetamine derivatives. In addition, immediately after amphetamine treatment and before signs of degeneration, (5) the vulnerable 5-HT axons in the NAc core and dorsal striatum are depleted of 5-HT, whereas (6) the drugresistant 5-HT axons form a dense plexus within the NAc shell and retain 5-HT stores. This discrete cluster of surviving 5-HT axon terminals is restricted to the caudal one-third of the medial accumbens shell, where dopamine axons are also spared after methamphetamine.
5-HT innervation of nucleus accumbens
The 5-HT innervation of NAc in control rats exhibits regional differences in density, SERT expression, and axon morphology. In the caudal NAc shell, 5-HT axon density is higher than in the core or dorsal striatum, in agreement with biochemical data (Deutch and Cameron, 1992) . Despite the dense 5-HT innervation, few axons in the shell express SERT. Thus, 5-HT axons in the NAc have two phenotypes: virtually all 5-HT axons in the core express SERT and are thin and smooth, similar to those in dorsal striatum and cerebral cortex (Mamounas et al., 1991; Axt et al., 1995) . In contrast, most 5-HT axons located in the caudal shell lack SERT and exhibit large, spherical varicosities. The morphological differences in 5-HT axons between core and shell confirm a previous ultrastructural study that reported predominantly fine 5-HT axons in the core of NAc compared with varicose axons in the shell (Van Bockstaele and Pickel, 1993) . The brainstem origin of 5-HT projections to the nucleus accumbens has not yet been determined, although studies of 5-HT projections to cerebral cortex and olfactory bulb demonstrated that thin drug-sensitive 5-HT axons typically arise from the dorsal raphe, whereas varicose, drug-resistant axons arise from the median raphe (Kosofsky and Molliver, 1987; Mamounas et al., 1991) . These two raphe nuclei are likely to encode different signals and have distinct functions because of their separate locations. Although the dichotomous origin of the two axon types may prove to be of general validity, it has not been verified for 5-HT projections to every forebrain region.
Amphetamine neurotoxicity
A striking result of this study is that Meth and PCA cause profound loss of 5-HT innervation throughout the dorsal striatum and core of NAc but spare most 5-HT axons in the caudal shell of NAc. These findings support a dual 5-HT innervation of NAc with separate projections to the shell and core that differ in axon morphology, SERT expression, and vulnerability to stimulant toxicity. The selective sparing of SERT-negative axons in the shell suggests that SERT expression confers vulnerability to amphetamines and that absence of SERT is neuroprotective. An alternative explanation for the lack of SERT-IR in the shell is that some 5-HT axons might express a different isoform of SERT; however, to our knowledge there is no evidence for multiple isoforms. The specialized, drug-resistant 5-HT axons in the caudal NAc shell are similar to those located in limbic areas of forebrain, namely dentate gyrus of hippocampus and lateral entorhinal cortex (compare Fig. 5) (Mamounas et al., 1991; Axt et al., 1995) , suggesting a strong association with limbic system structures.
Overlap of DA and 5-HT projections
An unexpected result is that amphetamine-resistant DA and 5-HT axons are localized to the NAc shell where they largely overlap. Surviving 5-HT axons are restricted to the caudal-most portion of the shell, whereas spared DA axons innervate a larger area, extending to the rostral pole of NAc. This overlap suggests that DA and 5-HT axons may interact because 5-HT potentiates DA release, presumably via a presynaptic mechanism (Benloucif and Galloway, 1991; Parsons and Justice, 1993; Yadid et al., 1994; De Deurwaerdère et al., 1996 . Augmented DA release induced by 5-HT might potentiate amphetamine neurotoxicity in regions that express SERT, whereas the absence of SERT within the shell may protect DA axons by limiting 5-HT release in response to psychostimulants. However, this protective mechanism is speculative, because it has not been established that stimulant drugs fail to release 5-HT from axons that lack SERT. The NAc is also innervated by noradrenergic axons from the locus coeruleus (Berridge et al., 1997 ) and the A2 cell group (Delfs et al., 1998) , but these sparse noradrenergic axons are unlikely to influence the toxicity, because they are limited to a much smaller area than the spared DA or 5-HT axons.
Amphetamine-induced 5-HT release and depletion
Binding of amphetamines to the 5-HT transporter is postulated to induce release of 5-HT by reverse transport (Rudnick and Wall, 1992; Levi and Raiteri, 1993; Pontieri et al., 1995; Sulzer et al., 1995; Gudelsky and Nash, 1996; Crespi et al., 1997) and is thought to mediate the neurotoxicity (Fuller et al., 1975; Schmidt and Gibb, 1985; Fuller and Snoddy, 1986; Schmidt and Taylor, 1990) . The absence of SERT in varicose 5-HT axons is likely to prevent drug-induced 5-HT release in the NAc shell (White et al., 1994 , protecting SERT-negative axons from toxicity. The acute effects of PCA demonstrate regional differences in 5-HT release and in residual axonal stores of 5-HT. As a result of massive drug-induced release, PCA rapidly depletes most 5-HT axons of neurotransmitter in cerebral cortex, dorsal striatum, and NAc core, yet varicose 5-HT axons in the NAc shell retain large stores of 5-HT. Although this result does not establish that PCA fails to release 5-HT from varicose axons, the absence of SERT, which is the site of drug action, makes it unlikely that amphetamines could release 5-HT from these axons in the shell. Despite acute 5-HT depletion after PCA, SERT-IR axons throughout forebrain exhibit normal density and morphology at 4 hr, demonstrating the integrity of these axons at that time and that 5-HT depletion precedes evidence of structural damage.
Rostral NAc and 5-HT innervation
Three levels of the NAc can be identified: the rostral pole, an intermediate portion, and the caudal NAc, with differences in connectivity along the anteroposterior dimension (Zahm and Brog, 1992; Zahm and Heimer, 1993) . The NAc core and shell are most distinct caudally but not readily distinguished rostrally. Most of the rostral pole has projections similar to the NAc core (to motor parts of the basal ganglia), whereas a small medial zone projects to "limbic" targets, as does the caudal shell. Regarding 5-HT afferents, the rostral two-thirds of NAc is less densely innervated than the caudal NAc, and these levels receive different 5-HT axon types. Meth and PCA produce extensive degeneration of axons that co-express 5-HT and SERT, denervating the rostral portion of the accumbens of serotonergic innervation except for those few spared 5-HT axons that are SERT-negative. In contrast, the surviving, dense 5-HT innervation by varicose, SERTnegative axons that are amphetamine-resistant is restricted to the caudal one-third of the NAc shell. These anteroposterior differences in 5-HT innervation of NAc may underlie functional differences in biochemical and locomotor responses to amphetamine applied along the rostrocaudal length of the NAc (King et al., 1997; Heidbreder and Feldon, 1998) .
Effects of DA and 5-HT release in NAc
The dual 5-HT input to separate regions of NAc may explain the heterogeneous electrophysiological effects of methylenedioxymethamphetamine (MDMA) on accumbens neurons . Local iontophoresis of MDMA inhibited glutamate-induced firing of NAc neurons, an effect mediated by release of both 5-HT and DA . The more potent inhibition found in the core than the shell indicated greater MDMA-induced 5-HT release in the core, despite more numerous 5-HT axons innervating the shell (White et al., 1995) . Those results suggested that 5-HT axons in the NAc core are more sensitive to MDMA than axons in the shell , a hypothesis supported by the present data because psychostimulants are unlikely to release 5-HT in the caudal shell because of the absence of SERT. The resistance of shell axons to neurotoxicity and the lack of 5-HT depletion after PCA provide evidence that SERT-negative axons are insensitive to amphetamine derivatives.
Evidence of stimulant-induced release of DA in the NAc (Di Chiara and Imperato, 1988a,b; Carboni et al., 1989; Pettit and Justice, 1989; Kalivas and Duffy, 1990; Pierce and Kalivas, 1995; Pontieri et al., 1995) has led to the widely held hypothesis that DA release in the NAc shell underlies the addicting and rewarding effects of psychostimulants (Koob et al., 1998) . Recent studies support a role for cocaine in inducing both 5-HT and DA release in the Nac, in addition to blocking reuptake (Bradberry et al., 1993; Teneud et al., 1996) . The precise localization of neurotransmitter release is difficult to establish with microdialysis, because the probe diameter is substantial, and the zone of diffusion may be large, leading to inconsistencies in locating the site of stimulant-induced release of monoamines. One report that cocaine and amphetamine increase extracellular DA in the NAc shell more than the core shows the dialysis probe in a "central" part of the shell, not in the caudal portion (Pontieri et al., 1995) . Another study of amphetamine-induced 5-HT release in a region designated "the caudal shell" (Heidbreder and Feldon, 1998) depicts the dialysis probe at a level anterior to the drug-resistant 5-HT axons described here. The specialized zone of drugresistant, varicose 5-HT axons, easily identified by 5-HT immunocytochemistry, should prove helpful in elucidating the role of DA and 5-HT released by stimulant drugs in the accumbens shell.
The distribution of 5-HT-IR and SERT-IR axons in the NAc has several implications for interpreting the effects of addictive drugs in the nucleus accumbens. Compared with naturally occurring excitation of serotonergic neurons, 5-HT axons in the caudal shell and core are likely to respond differently to psychostimulant drugs, causing the relative amounts of 5-HT released in core and shell to differ under these two conditions. We postulate that drugs such as PCA, MDMA, methamphetamine, and cocaine would release 5-HT selectively in the NAc core but not in the caudal shell, based on the distribution of SERT. In contrast to stimulant drugs, action potentials arising in serotonergic neurons would be conducted along axons to the entire NAc, producing 5-HT release in all subdivisions of this nucleus and yielding the highest extracellular levels of 5-HT in the caudal shell, where 5-HT axon density is greatest. Moreover, postsynaptic effects of any 5-HT released in the caudal shell should be prolonged, because the mechanism for inactivation of 5-HT by reuptake is missing in this region. Removal of extracellular 5-HT from the shell may depend primarily on diffusion or uptake into DA axons. The response to stimulant drugs in rostral NAc should be similar to the core, because most 5-HT axons at rostral levels express SERT. We predict that therapeutic drugs, such as antidepressant 5-HT uptake inhibitors, would produce effects limited to the core and rostral two-thirds of the NAc shell but exert no action in the caudal shell. Identification of the specialized 5-HT innervation in the caudal NAc shell should lead to new studies of synaptic physiology of this region and the mechanism of stimulant-induced release of DA and 5-HT. Future investigations of drug effects on 5-HT axons in the accumbens and of interactions between DA and 5-HT should further elucidate the neurobiological basis of addiction.
